Abstract --In this paper a comparison of performance of an hybrid electric vehicle with an all-silicon (Si), hybrid (Si and SiC), and an all-Silicon Carbide (SiC) inverters simulated for the standard US06 driving cycle is presented. The system model includes a motor/generator model, a boost converter model, and an inverter loss model developed using actual measured data. The drive train simulation results will provide an insight to the impact of SiC devices on overall system efficiency gains compared to Si devices over the drive cycle at different operating conditions. Index Terms--Silicon Carbide, Interior Permanent Magnet (IPM) motor drive.
I. INTRODUCTION
Development of power electronics and electric machines technology will be the key to Department of Energy's (DOE) mission to reduce energy dependency. The objective of DOE's power electronics electric machinery (PEEM) activity is to develop technology towards achieving overall electric propulsion system 2015 and 2020 targets shown in Table I . The drive system is expected to last for 15 years operating at 55 kW peak power and 30 kW continuous power rating. The efficiencies shown in Table I are at rated torque and over the 10-100% speed range. The targets are based on a liquid coolant temperature of 105°C. The overall targets were further divided for inverter and motor specific targets as shown in Table II [1] .
Integration of the drive system is very important to meet the specific power and volumetric goals. Replacing the liquid cooled systems with air-cooled systems will reduce the complexity of system integration and also reduce the cost by eliminating the additional cooling loop in the existing hybrid vehicles. This requires reliable operation of all the components in the drive system in under-the-hood high temperature environment. Development of power devices is a critical aspect of the power electronic applications along with new topologies and control techniques. Semiconductor device industry has been aggressively pursuing the development of high temperature wide bandgap (WBG) devices for more than a decade to cater the need for high temperature applications. There is a revolutionary change in the power electronics WBG devices making inroads into the power semiconductor device market. SiC is in the forefront amongst the WBG material based devices. Silicon carbide power devices are expected to replace the silicon (Si) devices in high-voltage, hightemperature, and high-frequency applications because of the system level benefits that can be realized when using SiC devices. SiC Schottky diodes were the first commercially available SiC power devices in 2001. To date, SiC switches have only been available as engineering samples from different vendors. However there is not a clear winner in terms of a switching device to replacing the existing Si based devices for automotive traction drive inverters. So, it is very important to evaluate the technology as it becomes available to monitor the progress [2, 3] .
WBG research at Oak Ridge National Laboratory is focused on the development of high efficiency; high temperature SiC based inverters for automotive applications in order to achieve targets. The research involves work on high temperature packaging (>200°C), high temperature gate drive electronics [4] , inverter design and prototype development. Hybrid prototypes inverters were built, tested and, evaluated before using SiC diodes and Si IGBTs [5] . However the lack of availability of higher current single discrete devices has been the barrier in building an all-SiC 55 kW traction drive inverter. Several SiC modules have been built with different types of switches with devices paralleled for higher current rating. These modules have been characterized to evaluate the performance of the devices [6, 7, 8] . This paper also presents the characterization of a SiC MOSFET based module with JBS diodes. Single discrete device efficiency estimation with experimental characterization of device and system simulation have become more important because of the need to understand the overall system benefit of SiC based inverters compared to Si based inverter before an all-SiC based inverter can be built. The simulation study also helps to evaluate the SiC device technology for the automotive industry and realize the advantages of the maturing SiC devices to justify the higher cost of the newer devices [9] .
In this paper a comparison of simulated performance of an electric vehicle with Si-based, hybrid (Si and SiC), and SiC-based inverters is presented. The system model consists of the boost converter model developed using data from vehicle testing for US06 drive cycle. The simulation was performed with the vehicle following a standard highway drive cycle to illustrate the impact of SiC devices over the wide range of operating conditions typical of a vehicle system.
II. SYSTEM MODEL
The full vehicle system model consists of three parts: (1) a propulsion model that computes the time-dependent roadpower needed to follow a specified speed versus time driving profile, subject to wind speed and road slope perturbations; (2) an electric motor/generator model that computes the frequency, current, voltage and phase angle that will produce optimally 100% of the torque required at each time step; and (3) an inverter loss model that computes the temperature dependent device losses associated with the voltages, currents and frequencies demanded by the motor. The vehicle model also takes into account the losses in the mechanical transmission, the battery and cabling losses.
For this study, the reference vehicle has Camry-like characteristics of weight, rolling resistance, and wind resistance as shown in Table III . The driving profile followed by the vehicle was the standard US06 -a 20 minute, 8 mile long combination of urban and highway driving with 80 miles per hour (mph) peak and 52 mph average moving speeds. Assuming a flat terrain and no atmospheric wind, the average and peak road-power demands placed on the vehicle's motor were 25.1 kW/100 kW for propulsion and 19.7 kW/68.6 kW for braking. Figure 1 shows the amount of road-power demand versus time step of the reference vehicle for US06 drive cycle. The total energy demands for this vehicle in the US06 cycle are 11.9 MJ for propulsion and 2.4 MJ for braking.
III. IPM MOTOR MODEL
The motor model emulates a typical Camry-like 8-pole IPM, characterized by parameters extracted from testing done at ORNL. The motor model follows the classic d-q transformation approach. The motor model parameters are daxis inductance (Ld) = 0.9515e-3 H, q-axis inductance (Lq) = 1.4131e-3 H, winding resistance R = 0.0489 Ohms. The model allows for regenerative recovery of the vehicle's excess kinetic energy that is conventionally wasted in the brakes by friction. When the vehicle's power demand is negative, the motor acts as a generator and power is sent to the battery. The motor model takes all or part of the roadpower demand as input and computes the frequency, current, voltage and phase angle that will produce optimally the torque required at each time step. In a pure electric power mode the full road-demand is placed on the electric motor. In a hybrid configuration the fraction of power allocated to the motor can vary from 0 to 100% of the required road-power depending on the hybridization power-sharing scheme.
In this study it is assumed that the most of power demand of the drive cycle will be supplied by the electric drive train and in the regions where the demand is more than the maximum power of the motor, the engine will generate the power. It can be seen from Figure 2 that the maximum power available from the motor is approximately 70 kW. The available maximum terminal voltage limits the output power of the motor, which is dependent on the dc bus voltage with maximum boost. The terminal voltage is calculated assuming square wave mode of operation of the inverter. Figures 3a  and 3b show the phase current and terminal voltages required by the IPM to follow the US06 cycle. As shown in the figures, the maximum current and voltage demands are 240 A and 300 V, while the average current is 24 A, and the square weighted average current is 69 A. The efficiency of the motor over the drive cycle is shown in Figure 4 . 
IV. INVERTER MODEL
The inverter loss model was implemented with conduction loss model developed using averaging techniques described in [10] and switching loss equations derived based on switching energy loss data. The temperature dependent conduction loss parameters, on-state resistance and voltage drop, and switching losses were obtained from device testing. In addition to the power, current, power factor, and voltage demands computed by the motor model the conduction loss model requires the modulation index as input. This index was calculated as the ratio of the terminal voltage required by the motor and the dc-link voltage provided by the boost converter. The boost-factor as a function of torque and speed was empirically derived from test data of a Camry drive system for US06 drive cycle. The boost function shown in The maximum boost factor is about 2.1 for USO6 cycle. The computation of the temperature dependent power losses in switches and diodes iterates with a thermal model that computes the junction temperatures from the power losses assuming a constant heat sink temperature.
The devices tested were MOSFET and JBS diode in a 1200V, 100A half bridge SiC module prototype, and IGBT and pn diode in a similar rated commercial Si module. The SiC module has two SiC MOSFETs and JBS diodes. The data was extracted for single discrete devices by scaling the losses obtained for the entire module. It should be noted that both the single discrete SiC devices have lower current rating than the single Si devices. The data for the SiC module was presented in [11] . Similar device test data of the Si and SiC modules has been reported in [12] . As shown in Figure 7a , the on-state losses are lower for the SiC MOSFET than for the Si IGBT up to 50 A over the temperature range tested. Figure 7b shows that the switching loss at 600V dc and at 150°C, are approximately twice higher for the Si IGBT than for the SiC MOSFET. It should be noted that gate driver used for SiC MOSFET is same as the Si IGBT and has not been optimized for SiC MOSFET. Figure 8a shows that the on-state losses for the SiC JBS diode are higher than the Si diode because of the wide bandgap of the SiC device. Also, as the temperature increases the losses of Si diode become lower because of the negative temperature coefficient. However, the SiC diode has positive temperature coefficient beyond 10 A. Again, it should be noted that the loss difference is also because; the current rating of the SiC device is lower than the Si device. Figure 8b shows that the switching losses for the SiC diode at 600V are unaffected by temperature however for the Si diodes increase almost four fold as the temperature increases from 25°C to 150°C. The devices were also tested at 300V and 450 V over the same current range and temperatures as the 600V tests. The inverter for this study was simulated with three switchdiode pairs (300 A rating) per phase in a full bridge configuration to accommodate the maximum current of 240 A for the drive cycle. 
V. DRIVE SYSTEM SIMULATION RESULTS
The system model was simulated for the US06 drive cycle with Si and SiC devices, at switching frequencies of 10 kHz and 20 kHz and two different coolant temperatures: 70°C and 105°C. The system model outputs time dependent, cycle average and cumulative values of interest for all pertinent parameters. The efficiencies of the all-Si inverter (Si IGBT/ Si PN diode), all-SiC (SiC MOSFET/SiC Schottky diode) inverter and the hybrid inverter (Si IGBT/SiC Schottky diodes) are shown in Figure 9 . The average inverter efficiency and inverter loss difference over the drive cycle, between the Si-based, SiC-based and, the hybrid inverter for 10 and 20 kHz with 70°C and 105°C cooling are shown in Table IV .
The inverter efficiency corresponds to the losses of devices in the inverter only and the losses in the boost converter are not included. For 10 kHz operation the efficiency of the Si inverter decreases by 0.6 % from 70°C to 105°C coolant temperature condition, while the SiC inverter decreases by only 0.1% because of the temperature independence of its switching losses. For the same 10 kHz operation the efficiency of the hybrid inverter decreased by 0.2 % from 70°C to 105°C coolant temperature condition. However, when the switching frequency was increased from 10 kHz to 20 kHz the efficiency of the Si inverter decreased by 3.1% and 3.8% at 70°C and 105°C coolant temperature, respectively, while the SiC inverter decreased by only 1.4 % and 1.4 % respectively. The higher efficiency of the hybrid inverter for all operating conditions compared to the Si inverter is achieved just by replacing the diodes. Again, as the frequency was increased from 10 kHz to 20 kHz the efficiency of the hybrid inverter decreased by 2.2 % and 2.3 % at 70°C and 105°C coolant temperature, respectively. This clearly illustrates that the low losses and high temperature capability of SiC devices will certainly improve the system efficiency and increases the power density of the inverter. 
VI. CONCLUSION
The study showed that the losses are consistently lower in the SiC-based inverter than in the Si-based inverter for all operating conditions over the drive cycle. The system level benefits of using SiC devices compared to Si devices is clearly shown by the gains of all-SiC inverter efficiencies over the all-Si inverter between 2 % for 10 kHz with 70°C coolant temperature, and 4.9% for 20 kHz with 105°C coolant temperature. The benefits of SiC devices are also reflected in the efficiency gains of the hybrid inverter over the all-Si inverter between 0.9 % for 10 kHz with 70°C coolant temperature, and 2.8% for 20 kHz with 105°C coolant temperature. 
